ABSTRACT The acute toxicity of 10 conventional insecticides to adult of Trichogramma chilonis Ishii (Hymenoptera: Trichogrammatidae) was bioassayed by membrane method, and then their sublethal effects on the parasitoid were evaluated in the laboratory. Based on sublethal concentration (LC 30 ) values at 8 h after treatment, we determined that adult T. chilonis were the most susceptible to chlorfenapyr, followed by Þpronil, spinosad, avermectins, ␤-cypermethrin, and cartap, with lethal concentration (LC) 30 values of 0. 3133, 0.3269, 1.5408, 3.2961, 6.1469, and 9.021 mg/liter, respectively. The Þeld-recommended concentrations of chlorßuazuron, indoxacarb, Bacillus thuringiensis, and tebufenozide caused Ͻ30% mortality of treated adults; therefore, they were used to evaluate sublethal effects on the parasitoid. After treatment with sublethal concentration of Þpronil and avermectins, the longevity of treated females (1.2 and 1.6 d) was signiÞcantly shortened and fecundity (34.7 and 1.6) was remarkably decreased; consequently, the life-table parameters (R 0 , r m , , and T) of T. chilonis were statistically lower than those in the control. Cartap and spinosad also reduced longevity (8 and 7.9 d) and fecundity (110.77 and 117.2) of treated adults, but cartap enhanced the female percentage of F 1 offspring (61.6%), resulting a statistical higher R 0 , r m , and of treated T. chilonis. In contrast, chlorßuazuron and tebufenozide increased longevity (16.4 and 15.4 d) and fecundity (248 and 256.9) of treated adults but slightly decreased the female percentage of F 1 offspring (31.4 and 38.1%). Although chlorfenapyr showed no adverse inßuence on longevity and fecundity, it remarkably reduced the female percentage of F 1 offspring (13.5%), leading to a lower R 0 , r m , and of treated T. chilonis. Indoxacarb, B. thuringiensis, and ␤-cypermethrin had no obvious sublethal effects on the longevity and fecundity of treated adults. Based on these results, we consider B. thuringienesis, chlorßuazuron, indoxacarb, ␤-cypermethrin, and tebufenozide safe to T. chilonis, suggesting that these insecticides are compatible with this parasitoid when being used in the Þeld. However, Þpronil, chlorfenapyr, spinosad, and avermectins were very harmful to T. chilonis. Timing of application of these insecticides was critical.
Egg parasitoids belonging to the genus Trichogramma (Hymenoptera: Trichogrammatidae) are important natural enemies of a wide range of pests and are successfully used in inundative and inoculative biological control programs worldwide (Hassan 1993 , Smith 1996 . However, the intensive use of pesticides to control multiple pest problems reduces the action of Trichogramma (Brar et al. 1991 , Cô nsoli et al. 1998 , Schuld and Schmuck 2000 . Many laboratory and Þeld studies have shown that Trichogramma spp. wasps are highly susceptible to most broad-spectrum pesticides (Bull and Coleman 1985) . Because of the negative consequences associated with pesticides, chemical control and biological control with Trichogramma have long been considered incompatible. Trichogramma chilonis Ishii (Hymenoptera: Trichogrammatidae) has been reared and released for controlling several lepidopteran insect pests on corn (Zea mays L.), cotton (Gossypium hirsutum L.), and vegetables (Chang et al. 2001 , Ballal et al. 2009 , Preetha et al. 2009 ). Many studies showed that T. chilonis has great parasitization potential on egg of diamondback moth, Plutella xylostella (Hü bner) (Wü hrer and Hassan 1993, Kazuki and Masahiro 1998, He et al. 2001) ; thus, this parasitoid is considered as a suitable candidate to control the diamondback moth. Chemical control remains a major method to control diamondback moth, because it is quick, efÞcient, easy to use, cost-effective, amendable to practice, reliable, and effective. However, the indiscriminate use of insecticides to control diamondback moth resulted in a very lower natural parasitism and restrained the control effectiveness of released T. chilonis. Therefore, the deliberate use of insecticides is a reasonable strategy in integrated pest management (IPM) of diamondback moth because it favors the conservation of natural enemies. It is necessary and important to estimate the compatibility of insecticides commonly used to control diamondback moth in the Þeld with this parasitoid.
Traditionally, measurement of the acute toxicity of a pesticide toward beneÞcial arthropods has relied largely on the determination of an acute median lethal dose or lethal concentration (LC). However, the estimated lethal concentration during acute toxicity tests may only be a partial measure of the deleterious effects. In addition to direct mortality induced by pesticides, their sublethal effects on arthropod physiology and behavior must be considered for a complete analysis of their impact. Sublethal effects are deÞned as effects (either physiological or behavioral) on individuals that survive exposure to a pesticide (the pesticide dose or concentration can be sublethal or lethal) (Desneux et al. 2007) .
Sublethal effects of insecticides on physiology of parasitoids may be displayed as abnormality in for example, development, adult longevity, fecundity, sex ratio, or offspring emergence. When exposed to lethal or sublethal doses of insecticides, the longevity and fecundity of adult parasitoids may be shortened or decreased to some extent (Desneux et al. 2006a ,b, Bayram et al. 2010 , Wang et al. 2011 . In addition, the offspring of treated females surviving the insecticide may present an almost balanced sex ratio due to a decrease in the number of daughters, whereas untreated females presented a very biased sex ratio in favor of daughters (Krespi et al. 1991 , Delpuech and Meyet 2003 , Wang et al. 2011 . Sublethal effects on longevity, fecundity, developmental rate, survival, and sex ratio can be detected by estimating the life-table parameters such as net reproduction rate (R 0 ), intrinsic rate of natural increase (r m ), Þnite rate of increase (), and mean generation time (T) (Desneux et al. 2007 ). Life-table experiments provide a more accurate measure of toxic effect than do lethal concentration estimates and have been used successfully to evaluate side effects of pesticides on several natural enemies , Lashkari et al. 2007 ).
Yet, several studies have reported the acute toxicity of different insecticides on T. chilonis (Chand et al. 2001 , Gandhi et al. 2005 , Basappa 2007 , Preetha et al. 2009 ). However, mortality was the only factor to assess the effect of insecticides on T. chilonis in these studies, whereas more conspicuous sublethal effects on this parasitoid are overlooked. The objective of this study is to investigate the acute toxicities of 10 conventional insecticides commonly used in the control of diamondback moth in cruciferous crops in China to T. chilonis and assess their sublethal effects of insecticides on physiology of T. chilonis by investigating biological and life-table parameters. Furthermore, our research aims at estimating the potential compatibility of biological and chemical control and improving IPM of diamondback moth.
Materials and Methods
Insect Origin and Rearing. The host Corcyra cephalonica (Stainton) (Lepidoptera: Pyralidae) was chosen as host because its eggs have been used for mass rearing and Þeld release of Trichogramma in China. This host is easy to rear and produce for mass release. C. cephalonica was reared with a diet of integral wheat (80%) and corn (20%) ßours. Eggs of C. cephalonica (1.2 g) were randomly placed over diets maintained in cuboid wooden box (41 cm in length by 34 cm in width by 12 cm in height) with an opening on top, covered by a metallic mesh lid for ventilation. Adult C. cephalonica were collected daily after emergency with a vacuum cleaner and transferred to a cylindrical wooden box (20 cm in diameter by 40 cm in height) with a metallic mesh wall and two wooded bases. Adults were fed with 25% honey solution. A hole (6 cm in diameter) was drilled through one base of the cylinder and was used for introduction of C. cephalonica adults and was later closed with a wooden stopper. The metallic mesh wall was used as an oviposition substrate. This rearing system was maintained under standard laboratory conditions (25 Ϯ 1ЊC, 80 Ϯ 5% RH, and a photoperiod of 14:10 [L:D] h).
T. chilonis was originated from parasitized eggs of the diamondback moth collected in April 2009 from cabbage (Brassica oleracea L.) Þelds located near Guangzhou, China. Then the stockÕs population was maintained and reared with eggs of C. cephalonica in glass dactylethrae (2.3-cm internal diameter, 7.4-cm internal height) under standard laboratory conditions (25 Ϯ 1ЊC, 80 Ϯ 5% RH, and a photoperiod of 14:10 [L:D] h) at Department of Entomology, South China Agricultural University. The eggs of C. cephalonica (Ϸ2,000 eggs) were stuck to 3-by 2-cm cardboard strips and exposed to UV light (30 W) for 30 min before experiments and rearing of T. chilonis. Newly emerged adults of T. chilonis were supplied with 25% honey solution before experiments.
Determination of LC 30 and LC 50 of Insecticides. The insecticides used in the experiments were chlorßuazuron (5%, EC; Tianjin Taoshi Chemical Industry Co., Ltd., China), indoxacarb (5%, EC; DuPont China Holding Co., Ltd., China), B. thuringiensis (16,000 IU/ mg, WP; Hubei Tianzenong Bioengineering Co., Ltd., China), tebufenozide (10%, EC; Changzhou Synchem Co., Ltd., China), ␤-cypermethrin (5%, EC; Shenzhen Noposion Agrochemicals Co., Ltd., China), avermectins (2%, EC; Changzhou Synchem Co., Ltd.), spinosad (25 g/liter, SC; Guangdong Syngreen Bio-Science Co., Ltd., China), chlorfenapyr (10%, EC; Shandong Shenda Crop Science Co., Ltd., China), Þpronil (5%, EC; Bayer CropScience China Co., Ltd., China), and cartap (98%, WP; Shenzhen Noposion Agrochemicals Co., Ltd., China). These 10 insecticides were commonly used in the control of diamondback moth in cruciferous crops in China.
The recommended Þeld concentration of each insecticide was used to evaluate the acute toxicity within 8 h to adults of T. chilonis. If the Þeld-recommended concentration of an insecticide has caused Ͼ30% mor-tality of treated adults within 8 h, this kind of insecticide should be considered for further bioassay to T. chilonis to estimate its LC 30 and LC 50 values. Based on primary result of acute toxicity, each insecticide was diluted into Þve gradient concentrations (causing 20 Ð 90% mortality of treated adult), with two-fold increase in each two serial dilutions.
The drug membrane contact method was used to assess the toxicity of insecticides to adults of T. chilonis (Wang et al. 2010) . To obtain a uniform deposit, 1 ml of water solution of insecticides was put into a dactylethrae (2.3-cm internal diameter, 7.4-cm internal height) to ensure a total coverage of the internal surface of the dactylethrae. The dactylethrae was slanted and rotated manually, and then the solution was poured out. Dactylethraes were left for 2 h at room temperature to allow complete evaporation of the solution and a Þne drug membrane before introducing parasitoids. Five replicates were carried out for each concentration of each insecticide. Distilled water was used as control.
Approximately 60 fed, newly emerged (Ͻ6 h after emergence) adults of T. chilonis were introduced per dactylethrae, and dactylethrae was closed with black nylon fabric to allow air circulation. After 8 h of exposure, the number of dead parasitoids was counted, and the dose responses (LC 30 and LC 50 ) were calculated for each insecticide. This experiment was performed under standard laboratory conditions (25 Ϯ 1ЊC, 80 Ϯ 5% RH, and a photoperiod of 14:10 [L:D] h).
Trials were tested for lack of Þt using PROC GENMOD procedures (SPSS 13.0, SPSS Inc., Chicago, IL), and data were analyzed using PROC PROBIT procedures (SPSS 13.0) to calculate LC 30 and LC 50 values on standard and log scales, with associated 95% Þducial limits (FL).
Effects of Sublethal Treatment of Insecticides on Biological Parameters of T. chilonis. We chose the LC 30 as sublethal concentration, because it is the mortality threshold recommended for the use of insecticides in IPM (Desneux et al. 2003 , Bayram et al. 2010 . When the Þeld recommended concentration of an insecticide caused Ͻ30% mortality of treated T. chilonis within 8 h after treatment, we used it to evaluate its sublethal effect on the parasitoid.
To determine the sublethal effects of insecticides on biological parameters of T. chilonis, the life-table method of the surviving parasitoids was conducted. This study followed the approach presented by Dastjerdi et al. (2009) and Bayram et al. (2010) . Approximately 60 fed, newly emerged (Ͻ6 h after emergence) T. chilonis were introduced into a membraneforming glass dactylethrae (2.3-cm internal diameter, 7.4-cm internal height; treated with LC 30 of insecticides or distilled water for control), and the dactylethrae was closed with black nylon fabric to allow air circulation. After exposure to insecticides for 8 h, the surviving female parasitoids were introduced individually into a clean glass dactylethrae, and they were supplied with 25% honey solution on the internal wall as food. Five replicates were carried out for each treatment.
For each insecticide, 30 treated females were randomly selected from Þve replicates to further evaluate the longevity and fecundity and to establish life tables for T. chilonis. An egg sheet with Ϸ150 Ð200 C. cephalonica eggs stuck to cardboard strips was inserted into each dacylethrae. A 25% honey solution was smeared on the internal surface of dacylethrae to supply food. The egg sheet was replaced with a new egg sheet after 24 h and replaced daily until all individuals died to determine the fecundity of each female parasitoid. Survival of female parasitoids was recorded daily. The honey solution was renewed when necessary. The egg sheets were labeled and placed into glass tubes (1-cm internal diameter, 5.5-cm internal height) and incubated for 13 d under standard laboratory conditions to ensure a complete emergence of offspring from the initial parasitism. Then, the glass tubes were placed into Ϫ10ЊC for 1 h to kill offspring, and the number of parasitized eggs (black), percentage of emergence, and sex ratio of the offspring were recorded for each treatment. This experiment was undertaken under standard laboratory conditions (25 Ϯ 1ЊC, 80 Ϯ 5% RH, and a photoperiod of 14:10 [L:D] h).
One-way analysis of variance was used to analyze the acute toxicity and effects of sublethal concentrations of insecticides on longevity and fecundity of T. chilonis, percentage of emergence, and sex ratio of offspring. Means were separated by the least signiÞ-cant difference (LSD) test (P ϭ 0.05).
Daily schedules of mortality and fecundity were integrated into a life-table format (Martṍnez-Villar et al. 2005 , Dastjerdi et al. 2009 ) and used to calculate life-table parameters: probability of an individual surviving to age x (l x ), reproductive expectation of a female at age x (m x ), net reproduction rate (R 0 ϭ Αl x m x ), mean generation time (T ϭ Αxl x m x /Αl x m x ), intrinsic rate of natural increase (r m ϭ lnR 0 /T), Þnite rate of increase ( ϭ e rm ), and doubling time (DT ϭ ln2/r m ).
Results
Acute Toxicity of Field-Recommended Concentration of Insecticides to Adult T. chilonis. Mortalities of treated T. chilonis from the Þeld-recommended concentrations of different insecticides were signiÞcantly different (F ϭ 152.862; df ϭ 10, 44; P Ͻ 0.05; Table 1) . Fipronil, chlorfenapyr, cartap, avermectins, spinosad, and ␤-cypermethrin had strong acute toxicities toward the adult T. chilonis; mortalities of treated adults within 8 h after treatment were higher than 50%. Therefore, these six insecticides were used in subsequent bioassays to determine the LC 30 and LC 50 . However, the Þeld-recommended concentrations of chlorßuazuron, indoxacarb, B. thuringiensis, and tebufenozide caused Ͻ30% mortality of treated adults and therefore were used to evaluate their sublethal effects on the parasitoid.
LC 50 and LC 30 of Insecticides. The LC 50 and LC 30 values of six insecticides with 95% FL were obtained for adult T. chilonis at 8 h after treatment ( Table 2 ). The slope of regression line indicates how fast the mortality occurs as concentration increases. Based on sublethal concentration (LC 30 ) values at 8 h after treatment, adult T. chilonis were the most susceptible to chlorfenapyr, followed by Þpronil, spinosad, avermectins, ␤-cypermethrin, and cartap, with LC 30 values of 0.3133, 0.3269, 1.5408, 3.2961, 6.1469, and 9.021 mg/L, respectively.
Sublethal Effects of Insecticides on Biological Parameters of Treated Female Parasitoids and Their
Offspring. After treatment with sublethal concentration (LC 30 or the Þeld-recommended concentration), the mean longevity of treated T. chilonis females were signiÞcantly different among the treatments (F ϭ 31.009; df ϭ 10, 319; P Ͻ 0.05). After exposed to cartap, spinosad, avermectins, and Þpronil, the surviving females lived much shorter than untreated parasitoids. The mean longevity of females exposed to chlorfenapyr, indoxacarb, B. thuringiensis, and ␤-cypermethrin were similar to that of the control. However, after the parasitoids were exposed to chlorßuazuron and tebufenozide, the mean longevity of surviving females was signiÞcantly longer than control (Table  3) . Fecundity, i.e., the total number of eggs parasitized per surviving female, was signiÞcantly different among the treatments (F ϭ 34.043; df ϭ 10, 319; P Ͻ 0.05). ␤-Cypermethrin, cartap, spinosad, avermectins, and Þpronil can signiÞcantly reduced the fecundity of females. The fecundities of females exposed to chlorfenapyr, indoxacarb, and B. thuringienesis were similar to that of the control. However, the fecundity of surviving females was signiÞcantly increased after treatment with chlorßuazuron and tebufenozide ( Table 3) .
Treatment of sublethal concentration of insecticides also affected the development of F 1 offspring of treated T. chilonis by inßuencing the emergence rate or altering the sex ratio of F 1 offspring. After exposure to insecticides, the percentage of emergence of offspring were signiÞcantly different among the treatments (F ϭ 4.508; df ϭ 10, 280; P Ͻ 0.05). Chlorßua-zuron, tebufenozide, indoxacarb, ␤-cypermethrin, and avermectins had no harmful sublethal effects on the emergence of their offspring. However, exposed to sublethal concentrations of chlorfenapyr, B. thuringienesis, cartap, spinosad, and Þpronil, the percentage of emergence of the offspring signiÞcantly increased (Table 3 ). The sex ratio of the offspring was also signiÞcantly different among the treatments (F ϭ 8.407; df ϭ 10, 280; P Ͻ 0.05). Parasitoids exposed to chlorfenapyr displayed a signiÞcantly lower female percentage of their F 1 offspring than control. The sex ratios of their offspring treated with chlorßuazuron, tebufenozide, indoxacarb, B. thuringienesis, ␤-cypermethrin, spinosad, avermectins, and Þpronil were similar to that of the control, indicating these eight insecticides had no obvious bias effect on the development of both sexes. However, after the parasitoids were exposed to cartap, the sex ratio of their offspring was signiÞcantly increased (Table 3) .
Sublethal Effects of Insecticides on Life-Table Parameters of T. chilonis. The life-table parameters of T. chilonis treated by sublethal concentrations of insecticides were calculated, and the results are shown in Table 4 . After exposure to chlorfenapyr, avermectins, and Þpronil, R 0 , r m , and of T. chilonis were signiÞ-cantly lower than those in the control. There was no signiÞcant difference in T between untreated and insecticide-treated T. chilonis. Doubling time (DT) is an important parameter that provides an indication of the speed of population growth. Chlorfenapyr, avermectins, and Þpronil had adverse effects on DT (Table 4) .
Discussion
Our study showed that different insecticides possessed signiÞcantly different risks to the adults of T. chilonis and might provide some useful information for integration of biological control with chemical control.
Adult T. chilonis were the most susceptible to Þpro-nil and somewhat less susceptible to chlorfenapyr, spinosad, avermectins, ␤-cypermethrin, and cartap. By comparing the LC 50 of these insecticides to T. chilonis in this study with values to Trichogramma- toidea bactrae Nagaraja in our previously study with the same method (Wang et al. 2011 ), we can assume T. chilonis was less susceptible to these insecticides than T. bactrae. The difference of susceptibility to same insecticides between the two parasitoid species could be related to their difference in size, because T. chilonis is larger (length, 0.5Ð1.0 mm) than T. bactrae (length, 0.46 mm) (Lin 1994) . Similar results were reported in bioassays to assess the effect of the deltamethrin on the parasitic wasps Aphidius matricariae Haliday, Diaeretiella rapae (McIntosh), and Aphidius ervi Haliday (Desneux et al. 2004 (Desneux et al. , 2006a . Chlorßuazuron is an insect growth regulator, and our results proved it is safe to T. chilonis. Bastos et al. (2006) reported that this insecticide had no effect on the pupal stage of T. pretiosum and on the ability of the adults to parasitize host eggs. Indoxacarb, the Þrst commercial insecticide of the pyrazoline class, has strong Þeld activity against Lepidoptera that attack vegetables, fruit tree, vines, cotton, corn, and other crops, and a key feature is its novel bioactivation: it blocks the insect voltage-gated sodium channel by the N-decarbomethoxyllated metabolite (Wing et al. 1998 (Wing et al. , 2000 Silver and Soderlund 2005) . Some studies have reported that this insecticide is safe for natural enemies (Nowak et al. 2001 , Yu et al. 2009 ). Many studies showed that B. thuringiensis are harmless to Trichogramma species (Antonio et al. 2001 , Zhu et al. 2009 ). Among all the 10 insecticides evaluated, chlorßua-zuron, indoxacarb, B. thuringiensis, and tebufenozide had no obvious contact toxicity to adult parasitoids. In addition, they did not affect the longevity and fecundity of T. chilonis and the emergence percentage and sex ratio of their F 1 offspring and had no effect on the life-table parameters of T. chilonis.
The longevity of T. chilonis females treated with the LC 30 of cartap, spinosad, avermectins, and Þpronil was signiÞcantly shortened in comparison with the control. The effect of insecticides on longevity of parasitoids seems to be highly dependent on the type of insecticide, the parasitoid species, and the method of application (Bayram et al. 2010) . Reductions in longevity have been generally observed in parasitoids that had been treated with insecticides during developing stage inside hosts (Smilanick et al. 1996; Suh et al. 2000; Schneider et al. 2004; Desneux et al. 2006a,b) . However, few studies have reported reductions in longevity of parasitoids as a consequence of treating adults. Bayram et al. (2010) found a signiÞcant reduction in longevity of Telenomus busseolae (Gahan) fe- males after treatment with the LC 25 of either deltamethrin or cyßuthrin. Alix et al. (2001) reported that after treatment with sublethal concentrations of chlorfenvinphos (300 ng of the insecticide results in 10% mortality in females and 30% in males), the longevity of males and females of Trybliographa rapae Westwood were signiÞcantly shortened. In our study, the LC 30 of chlorfenapyr had no effect on the longevity of T. chilonis females and is different from the result obtained from T. bactrae reported by Wang et al. (2011) . This difference could be due to the parasitoid species tested. The reduced longevity induced by cartap, spinosad, avermectins, and Þpronil in T. chilonis females may greatly affect the beneÞcial capacity of this parasitoid. After treatment with the LC 30 of ␤-cypermethrin, cartap, spinosad, avermectins, and Þpronil, the fecundity of T. chilonis was signiÞcantly reduced. Similar results were found by other studies, although the research investigated different parasitoid species and different insecticides: Trichogramma brassicae Bezdenko treated with LD 20 of chlorpyrifos (Delpuech and Meyet 2003); T. busseolae treated with LC 25 of cyßuthrin (Bayram et al. 2010 ); and T. bactrae treated with LC 30 of cartap, diafenthiuron, spinosad, and Þpronil (Wang et al. 2011) . In this study, the observed reduction in fecundity of treated T. chilonis females may be due to the reduction of their longevity. Huang et al. (2010) reported that the low dose of insecticides can induce the hormesis in insects, and such hormesis can have positive effects on insectÕs developmental period, weight, reproduction, and susceptibility to insecticides. In our study, exposure to the LC 30 of chlorßuazuron and tebufenozide, the longevity and fecundity of female T. chilonis were signiÞ-cantly increased, but the emergence percentage and sex ratio of their F 1 offspring and the life-table parameters of T. chilonis were not affected. However, the mechanism(s) of this hormesis remains unknown and requires further investigation.
In conclusion, chlorßuazuron, indoxacarb, B. thuringiensis, and tebufenozide were safe for T. chilonis; so, the use of these insecticides in the IPM of diamondback moth together with this natural enemy seems to be feasible. In contrast, Þpronil, chlorfenapyr, spinosad, avermectins, ␤-cypermethrin, and cartap were toxic in the laboratory and their use in the IPM of diamondback moth relying on biological control should be considered with caution.
